Methods
This study was approved by the Institutional Review Board of St. Joseph's Hospital and Medical Center, Phoenix, Arizona.
A retrospective review was performed of cervical spine anteroposterior and lateral plain radiographs and midsagittal CT images obtained in 40 pediatric patients who underwent OCF between 2004 and 2013. Images were obtained from the clinical database of a single surgeon (N.T.).
While adhering to policies regarding patient anonymity, we searched for the name and medical record number of each patient in the Dominator diagnostic reading station (DR Systems, Inc.) and made measurements on the resulting images using built-in features of the software. Inclusion criteria included the availability of at least 1 good-quality, neutral, preoperative, cervical spine lateral radiograph with clear visualization from C-2 to C-7, or a midsagittal CT study with visualization from the tip of the dens to C-7. Images were compared with the same type of image taken immediately after surgery and at the last follow-up. All cervical radiographs were acquired with the patient in the upright position, to better reproduce normal load distribution, curvature, and alignment along the spine. The minimum duration of follow-up required for inclusion was 12 months. Of 40 patients, 18 met the inclusion criteria and 22 were excluded because they did not. Twelve of the 22 excluded patients had undergone surgery within 12 months of this analysis, 7 had their first postoperative imaging performed after 8 weeks of follow-up, and 3 had imaging that either did not include the tip of C-2 or did not include C-7 for measurement. None of the 22 excluded patients was lost to follow-up before 24 months.
All included patients (n = 18) were assigned to 2 analytical cohorts; patients with appropriate data for the analyses were included in both cohorts. Cohort 1 (n = 16) included patients with cervical alignment and curvature measurements, and Cohort 2 (n = 18) included patients with vertebral height, width, and growth measurements. Patients with inadequate images were excluded from cohort analyses.
Measurements
All measurements were made on images obtained immediately postoperatively and during follow-up examinations. All measurement comparisons were made between the last follow-up for each patient (Table 1 ) and the immediate postoperative imaging. Cervical spine alignment (CSA) was classified on the basis of the anterior displacement or the posterior displacement of the vertebral bodies on lateral radiographs or sagittal CT images from a line extending between the posterior borders of C-2 and C-7. CSA was further classified into lordotic (anterior displacement > 2 mm), straight (anterior or posterior displacement < 2 mm), kyphotic (posterior displacement ≥ 2 mm), or swan neck (anterior/posterior displacement ≥ 2 mm). 3, 28 The cervical sagittal vertical axis (SVA) was used to assess sagittal plane translation during follow-up by measuring the distance between a plumb line drawn from the anterior border of the tubercle of C-1 (C1-7 SVA) and from the C-2 centroid (C2-7 SVA) to the posterior superior corner of C-7 ( Fig. 1) . Cervical spine curvature (CSC) on neutral lateral radiographs was assessed using the Jackson physiological stress lines method (Fig. 2) . 2, 15, 22 The angle formed by the intersection of one line drawn tangentially to the posterior border of C-2 and a second line drawn tangentially to the posterior border of C-7 was measured. Furthermore, C2-7 lordosis 13,27 was measured using sagittal Cobb angles at the intersection of 2 perpendicular lines, with each perpendicular line originating from a line drawn parallel to the inferior endplates of C-2 and C-7. Lordotic angles were given a negative value.
Vertebral body height (VBH) was measured on neutral lateral radiographs with a line extending from the upper to the lower border of the endplate of each vertebral body at the midline, and vertebral body width (VBW) was measured by a line drawn perpendicular to the midpoint of each VBH line, from the posterior to the anterior border of the anterior column (Fig. 3) . 29 Furthermore, all measurements for VBH and VBW were compared with Wang and colleagues' previously published normative values of height and width of the cervical spine, which were based on data obtained in 96 children.
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Vertical growth percentage (VG%), defined as the percentage of growth provided by the instrumented levels to the cervical spine, was calculated using the following formula: [construct growth/spinal growth] × 100. 3 The construct growth was defined as the change in VBH spanning the instrumented level(s) (excluding C-1) from postoper- ative to follow-up measurements, and spinal growth was defined as the change in spinal height from C-2 to C-7 from postoperative to follow-up measurements.
Statistical analysis
Data were analyzed using paired Student t-tests (follow-up measurements vs immediately postoperative measurements). The level of significance was set at p = 0.05.
results

Demographics and indications for OcF
Of the 18 patients included in the study, 10 (55.6%) were girls and 8 (44.4%) were boys. Constructs spanned Oc-C2 in 2 patients (11%), Oc-C3 in 7 patients (39%), and Oc-C4 in 9 patients (50%). The mean age at surgery was 6.7 ± 3.2 years (range 7 months-12 years). Table 1 .
cervical alignment and curvature
Cohort 1
On the basis of postoperative CSA measurements in 16 patients, 9 patients (56.3%) were classified as having a lordotic neck, 3 (18.7%) as having a straight neck, 3 (18.7%) as having a kyphotic neck, and 1 (6.2%) as having a swan neck. At the last follow-up for these 16 patients, 14 patients (87.5%) had a lordotic neck, 2 (12.5%) had a straight neck, and none had a kyphotic or swan neck. The mean postoperative CSA was 2.0 mm (range -3.6 to 4.6 mm), and the mean CSA at the last follow-up was 3.8 mm (range 1.3-7.3 mm), representing a statistically significant increase (p < 0.01) of 1.8 ± 2.9 mm. None of the 5 patients with a lordotic increase in CSA of more than 2 mm (Table 1) experienced any clinical or neurological deficits.
The mean sagittal alignment using C2-7 SVA was 13.8 ± 8 mm (range -1.4 to 26.6 mm) postoperatively and 16.2 ± 9.0 mm (range -3.5 to 30.2 mm) at last follow-up. The mean sagittal alignment using C1-7 SVA was 25.1 ± 9.8 mm (range 9.8-39.9 mm) postoperatively and 27.8 ± 10.2 mm (range 8.3-43.3 mm) at last follow-up. The differences between follow-up and postoperative measurements for both SVA calculations were not statistically significant (2.4 and 2.7 mm, respectively; p = 0.3).
CSC assessment showed a statistically significant increase in lordotic curvature of -8.8° (p < 0.01), with a postoperative mean of -17° ± 13.7° (range -46° to 0°) and a last follow-up mean of -25.8° ± 14.3° (range, -4° to 53°). The mean C2-7 lordosis was -14.7° ± 12.6° (range, -39° to 6°) postoperatively and -12.1° ± 20.1° (range, -45° to 18°) at last follow-up (p = 0.5). Table 2 summarizes VBH and VBW postoperatively and at last follow-up. For both instrumented and noninstrumented levels (i.e., C2-7), the cumulative VBH increased by a total of 13.3 mm (p < 0.001) from postoperative to last follow-up, with a mean single-level growth of 4.3 mm (32.2%) at C-2; 2.0 mm (15.2%) at C-3; 1.9 mm (14.2%) at C-4; 1.7 mm (12.7%) at C-5; 1.7 mm (12.4%) at C-6; and 1.8 mm (13.3%) at C-7. The cumulative mean growth of the instrumented levels (C2-3 and C3-4) provided 51.5% (VG%, range 13.2-77.1%) of the total cervical growth (C2-7) .
cervical Spine growth
Cohort 2
Similarly, the VBW for C2-7 increased significantly (p < 0.001), with a mean growth of 1.5 mm (13.9%) at C-2, 1.8 mm (16.6%) at C-3, and 1.8 mm (16.2%) at C-4. Width growth from C-5 to C-7 ranged from 1.7 mm (16.0%) to 2.0 mm (18.7%) at each level.
comparison of growth in normal children and OcF Patients
Seventeen patients with OCF had radiographs acquired consistently between 1.5 and 2 years postoperatively and had their operative age adjusted to age at the time of follow-up (0 to < 5 years, 5 to < 10 years, and 10 to 15 years). The mean age was 8.5 ± 3.5 years (range 1.6-13 years). Two patients were older than 15 years at follow-up (16 and 18 years), and their growth was not compared with growth in normal children. The mean follow-up duration was 32.4 ± 20.1 months.
Comparisons were made with the results seen in 96 pediatric patients with normal VBH and VBW from C-2 to C-7 that were published by Wang et al. 29 The mean values and standard deviations of both sexes were calculated and presented for the same 3 age groups. Tables 3 and 4 and Figs. 4 and 5 summarize the comparisons of VBH and VBW, respectively, between patients undergoing OCF and normal patients.
An analysis of the cumulative annual growth (mm/ year) in VBH and the average growth in VBW of the C3-7 vertebral bodies was performed using measurements obtained in 15 patients from our series after age adjustment. Results were compared with results reported by Kasai et al. for 360 normal pediatric cases. 16 Table 5 summarizes this comparison.
Discussion concerns Following Occipitocervical arthrodesis in children
Long-term follow-up assessment of growth, curvature, alignment, and stability of the cervical spine after OCF in children is an unavoidable subject in most pediatric series. The clinical relevance of the potential effects of arthrodesis in the pediatric spine has been discussed extensively, [3] [4] [5] [6] [7] 9, 11, 19, [21] [22] [23] [24] [25] [26] but only a few studies have meticulously evaluated growth, curvature, and alignment 3, 22, 25 at the craniovertebral junction and the upper cervical spine in young patients in whom short constructs have been placed. So far, no study has reported significant changes in radiographic or clinical findings after a long follow-up period.
Anderson et al., 3 in an analysis of 17 children who underwent Oc-C2 fusion (mean follow-up 28 months, mean age at fusion 4.7 years), found an increase in lordosis of -12° and a mean vertical growth of 37% within the fusion segment, and considered both within acceptable parameters. No clinical detriment was noted in any patient. However, this issue has not been addressed in detail in patients in whom longer constructs have been placed (Oc-C3 and Oc-C4). Our series of 17 patients with constructs ranging from Oc-C2 to Oc-C4, with an average ongoing clinical and radiographic follow-up of 44.4 months, showed similar results. None of our patients had radiographic or clinical deterioration.
cervical curvature and alignment
The purpose of this analysis was to assess cervical alignment and curvature changes at long-term followup. Surgical reduction of the cervical spine to reestablish normal curvature is always demanding, and the surgeon should consider the changes in curvature and alignment that normally take place in the developing spine after instrumentation. For any type of cervical arthrodesis, the main objective is to make the constructs as neutral and physiological as possible. Ongoing radiographic control can be achieved using the C-2 plumb line (C-2 SVA), CSA, * Values are presented as the mean ± SD in millimeters. Normal sample size = 96 patients; OCF sample size = 15 patients. The mean age for OCF patients from 0 to < 5 years was 3.1 ± 1.3 years (range 1.6-4.7 years), from 5 to < 10 years was 7.2 ± 1.3 years (range 5-8.3 years), and from 10 to 15 years was 11.7 ± 1.1 years (range 10-13 years). The mean follow-up duration was 44.4 ± 20.7 months.
posterior C2-7 angle (CSC), and C2-7 lordosis (Cobb) angle.
1-3,27
Our institution treats a considerable number of patients with complex spinal pathologies, and some patients included in this series presented preoperatively with severe cervical abnormalities from trauma and/or congenital deformities. Previous pediatric series have considered changes greater than 2 mm in lordotic alignment and more severe than -11° in curvature to be abnormal at final follow-up, 21 whereas others have disregarded the actual clinical significance of these findings in the overall condition of patients.
3
An SVA greater than 40-50 mm after placement of cervical instrumentation in adults indicates sagittal imbalance and is related to decreased quality-of-life scores and unfavorable neck disability indexes. After comparing our results with pediatric, adolescent, and adult parameters in healthy and fusion-treated patients, 1,2,27 we found that, at long-term follow-up, the changes in curvature measured by C1-7 and C2-7 SVA and C2-7 Cobb angle were statistically insignificant and comparable with the physiological parameters reported in adult and pediatric populations.
2,27
Available data on cervical curvature show that it is not constant in children, 1 and while some authors have encountered predominant lordotic angles (-4.8° ± 12° and -6.5° ± 11.7°), 1, 16, 18 others have encountered neutral (< 11 years = -6.5° ± 11.7°; ≥ 11 years = -0.7° ± 13.8°) 1 and even kyphotic values and have catalogued them as normal. 31 Therefore, we believe that comparing the curvature angles of our patients with those of normal children would be unfruitful. However, the statistically significant lordotic increases of 1.8 mm in CSA and -8.7° in CSC in our patients are below both the previously mentioned 2.0 mm in CSA and -11° in CSC. 3, 17 The crankshaft phenomenon, as described by Dubousset et al. in 1989, 8 is an increase in lordosis and rotation in young children with scoliosis treated by posterior thoracolumbar instrumentation prior to skeletal maturity. 8 Other studies have defined hyperlordosis as an angulation > 40° in the cervical spine at last follow-up. Although 2 patients in the present series had a curvature exceeding this value at last follow-up, their initial curvature was > 30°, and the change at last follow-up was < 11°. None of our patients developed an evident crankshaft phenomenon or clinical deterioration or pain due to this change within a mean follow-up period of 44.4 months, which is comparable to findings in other studies with similar long-term follow-up.
cervical growth
A comparison of VBH, VBW, and growth was made between measurements obtained in our OCF-treated patients and the values from normal cervical spine radiographs of 96 healthy children reported by Wang et al. 29 and 360 healthy children reported by Kasai et al. 16 When we compared our VBH and VBW values to those reported by Wang et al., 29 we found similar VBH (C2-5) compared with the values reported in healthy children, without any difference in mean ± standard deviation (Fig. 4) for age groups 0 to < 5 years, 5 to < 10 years, and 10 to 15 years. We found an annual vertical growth rate of 4.4 mm/year, which not only is increased compared with the normal mean values (2.6 mm/year) reported by Wang et al., 29 but also is similar to the rate they reported for children during growth spurts (4.4 mm/year).
In 2006, Anderson et al. 3 reported that C-2 (in Oc-C2 constructs) provided 34% of the overall vertical growth of the cervical spine, which is similar to what was estimated as normal (38%) in the results reported by Wang et al.
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The only patient in our series with an Oc-C2 construct is the only patient who did show a vertical growth of 37% at C2. However, the overall growth for all patients at C-2 was 32.2%. Patients with Oc-C3 and Oc-C4 constructs had vertical growth provided by the instrumented levels of 44.2% and 58.6%, respectively.
Although no difference was evident between height and vertical growth, we noticed differences in the VBW of normal patients compared with the VBW in OCF-treated patients at last follow-up. In the majority of cervical levels (instrumented and noninstrumented), C-2 appeared to have a smaller diameter, especially evident in the age groups of 5 to < 10 years and 10 to 15 years, whereas the C2-5 levels of OCF patients had a significant increase in width compared with that of normal patients (Fig. 5) . We hypothesize that the decreased weight bearing at C-2 might originate a deceleration in its width growth, with compensatory acceleration in width growth at the immediately inferior vertebral bodies. Our results suggest that the vertical growth that occurs in fusion-treated patients is comparable to the growth observed in healthy children. Vertebral remodeling within and around the fused mass, as previously proposed by Anderson et al., 3 allows the spine to continue its normal development despite the presence of fixation instrumentation and arthrodesis. We did not encounter any cervical deformation or malalignment related to OCF or arthrodesis, or any detrimental clinical signs or symptoms in any patient. Surprisingly enough, even patients with connective tissue disease or chromosomal deletions with characteristic shorter-than-average height for age (Morquio syndrome, Down syndrome, Wolf-Hirschhorn syndrome, and spondyloepiphyseal dysplasia) continued to demonstrate statistically significant growth at the instrumented segments as well as VBH and VBW that were comparable to those of normal patients.
limitations
This is a retrospective study with robust follow-up from a single surgeon in a tertiary care neurosurgical referral center. Results presented in this paper may not be reproducible in different clinical scenarios or for patients in whom longer constructs are placed.
conclusions
The craniovertebral junction and the upper cervical spine continue to exhibit normal growth, curvature, and alignment parameters in children with constructs as long as Oc-C4. Although some patients experienced radiographic changes above the established normal parameters, no patient had neurological or physical deterioration compared with baseline, and none were in need of any revision for primary fixation failure or for adjacent-level disease related to their primary surgery. OCF in children remains a safe procedure, even in very young children with demonstrated long-term stability. Following a cohort of patients through adulthood will be important to assess the potential for long-term complications.
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